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SUMMARY 

The differences i n  s t a b i l i t y  between pointed- and blunt-nosed slender en t ry  
vehicles  a t  hypersonic speeds have been invest igated experimentally and theoret-  
i c a l l y  f o r  two types of configurations - f l a r e - s t ab i l i zed  cy l ind r i ca l  bodies and 
slender conical  bodies.  The s t a t i c  s t a b i l i t y  of these  configurations has been 
measured i n  the  Ames Supersonic Free-Flight Wind Tunnel at Mach numbers of 15 
and 17. The da ta  show t h a t  t he  i n i t i a l  s t a b i l i t y  of both configurations w a s  
increased when the  blunt  nose w a s  replaced with a pointed f a i r i n g .  The moment 
curves of t he  blunt-nosed models of both configurations were highly nonlinear.  
F o r  t h e  sharp-nosed models with attached flow a t  low angles of a t tack ,  no non- 
l i n e a r i t i e s  i n  the  moment curves were observed. 

INTRODUCTION 

With the  change i n  design of en t ry  vehicles  from blunt ,  low-fineness-ratio 
bodies t o  blunt-nosed, slender,  f l a re -s tab i l ized  bodies, serious problems which 
were o r ig ina l ly  unexpected were encountered i n  the  area of s t a t i c  aerodynamic 
s t a b i l i t y .  The s t a b i l i t y  decreased w i t h  increasing Mach number i n  the  hyper- 
sonic range, w a s  highly nonlinear,  and w a s  badly overestimated by Newtonian 
theory.  These d i f f i c u l t i e s  a re  noted i n  references 1 and 2,  which also describe 
a more accurate method f o r  pred ic t ing  the  s t a t i c  s t a b i l i t y .  

Continuing advances i n  vehicle  design suggest the  d e s i r a b i l i t y  of using 
pointed slender bodies f o r  en t ry  vehicles .  However, since the  s t a t i c  margin 
decreased when blunt-nosed en t ry  vehicles  were made slender,  fu r the r  changes t o  
even more slender shapes would na tu ra l ly  be made with caution. It i s  necessary, 
therefore ,  t o  study t h e  question both ana ly t ica l ly  and experimentally t o  deter-  
mine whether pointed slender vehicles  pose any new aerodynamic s t a b i l i t y  prob- 
lems i n  the  hypersonic speed range. 



A program t o  study these questions f o r  two families of slender bodies 
representat ive of advanced vehicle design was i n i t i a t e d  a t  t h e  Supersonic Free- 
Fl ight  Branch of t h e  Ames Research Center, NASA. Objectives were (1) t o  deter-  
mine theo re t i ca l ly  and experimentally t h e  s t a t i c  s t a b i l i t y  of a pointed 
f l a r e - s t ab i l i zed  configuration a t  a Mach number of 15 f o r  comparison with t h e  
s t a b i l i t y  of t h i s  same body with a blunt  nose, and (2) t o  obtain and compare w i t h  
theory t h e  e f f ec t  on t h e  s t a t i c  s t a b i l i t y  of a slender cone of various amounts 
of spherical  and ogival bluntness.  
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reference area,  based on d,  sq f t  

drag coef f ic ien t ,  based on A, dimensionless 

i n i t i a l  ( a t  

pitching-moment coeff ic ient ,  based on A and s ,  dimensionless 

a = 0) drag coef f ic ien t ,  dimensionless 

pitching-moment-ewe slope, pe r  radian 

i n i t i a l  ( a t  a = 0) pitching-moment-cue slope, per  radian 

normal-force-curve slope, per  radian 

flared-model cylinder diameter or conical-model base diameter, f t  

moment of i n e r t i a  about a t ransverse ax is  through t h e  center of gravity,  
s lug - f t 2  

model length,  f t  

Mach number, dimensionless 

mass of model, slugs 

s t a t i c  pressure,  Ib/sq f t  

free-stream a i r  s t a t i c  pressure,  lb/sq f t  

dynamic pressure,  lb/sq f t  

free-stream air  dynamic pressure,  lb/sq f t  

r a d i a l  distance measwed from model ax is ,  f t  

base radius,  f t  
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nose radius of curvature, f t  

Reynolds number based on free-stream conditions and d,  dimensionless 

reference dimension, length of blunt-nosed f l a r ed  models or base 
diameter of conicalmodels,  f t  

model ve loc i ty  r e l a t i v e  to air  stream, f t / s ec  

distance from nose along model axis ,  f t  

distance from nose t o  center-of-gravity locat ion,  ft 

distance from nose t o  center-of-pressure location, f t  

angle of a t tack,  deg 

root-mean-square angle of at tack,  deg 

1 1  s t a b i l i t y  parameter, - - , dimensionless 

i n i t i a l  ( a t  a = 0) s t a b i l i t y  parameter, dimensionless 
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nose-tangent angle, deg 

wave length of osc i l l a t ion ,  f t / cyc le  

Prandtl-Meyer angle, deg 

free-stream air  density,  slugs/cu f t  

maximum resul tant  angle of pi tching osc i l l a t ion ,  deg ( see  sketch ( a ) )  

minimum resu l tan t  angle of pi tching osc i l l a t ion ,  deg (see sketch (a ) )  

MODELS AND TEST CONDITIONS 

A sketch of the  models t e s t ed  i s  shown i n  f igure 1. Figure l ( a )  shows 
superimposed t h e  pointed-nosed, f la re -s tab i l ized  configuration t e s t ed  i n  the  
present invest igat ion and the  spherical-nosed configuration t e s t ed  i n  a p r i o r  
program. The models were constructed from two materials,  a tungsten a l loy  and 
aluminum, so t h a t  t h e  center of gravi ty  could be positioned at the  indicated dis-  
tance from the  base f o r  both models. Figure l ( b )  shows the  12.5O half-angle cone 
with a s e r i e s  of tangent ogives with nose angles of 90' ( spher ica l ) ,  4 5 O ,  20°, 
and 12.5' ( t h e  sharp cone). 
To determine the  center-of-pressure locat ion of t he  conical models each configu- 
r a t ion  w a s  t e s t ed  with two center-of-gravity locat ions.  
w a s  positioned about 0.74d 

These models were a l so  bimetal l ic  i n  construction. 

The center of  gravi ty  
and 0.84d from the  base, except f o r  t h e  sharp cone 
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where it was about O.9Od and 1.02d from the  base. These locat ions,  along with 
other  model measurements, t e s t  conditions, and f i n a l  r e su l t s ,  a re  l i s t e d  i n  
t ab le  I. 

The models were launched from a single-stage,  shock-heated, l ight-gas  gun 
in to  a Mach number 3 countercurrent air stream. 
model and a i r  stream w a s  approximately 10,000 f t / s e c  f o r  the  f l a r ed  models and 
12,000 f t / s e c  f o r  t he  conical models, corresponding t o  Mach numbers of about 15 
and 17, respectively.  The time-distance h i s t o r i e s  and the  a t t i t u d e  h i s to r i e s  of 
t h e  models i n  f r e e  f l i g h t  were recorded by nine spark-shadowgraph s t a t ions  along 
t h e  f l i g h t  path.  

The combined ve loc i ty  of t he  

METHOD OF ANALYSIS 

Theoretical Procedures 

The s t a t i c  aerodynamic s t a b i l i t y  of t h e  f la re -s tab i l ized  configuration w a s  
analyzed theo re t i ca l ly  by separate consideration of t h e  three component p a r t s  - 
t h e  nose, the  cylinder,  and the  f l a r e .  The contribution of the  nose segment t o  
normal force and pi tching moment was determined by modified Newtonian impact 
theory.  The contribution of t he  cylinder was found by the  method discussed i n  
references 1 and 2,  hereinaf ter  referred t o  as t h e  Av = a method. The f l a r e  
contribution t o  s t a b i l i t y  w a s  determined by embedded Newtonian flow theory, an 
impact flow theory with the  stream propert ies  approaching the  ramp as  i n i t i a l  
conditions, as described i n  references 1 and 3 .  The above procedures resu l ted  
i n  s t a b i l i t y  coef f ic ien ts  f o r  each segment which were combined for t he  t o t a l  sta- 
b i l i t y  of t he  vehicle.  

I n  order t o  use the  theo re t i ca l  procedures outlined i n  the  previous para- 
graph it i s  necessary t o  know the  s t a t i c  pressure d i s t r ibu t ion  along t h e  cylinder 
and the  dynamic pressure d is t r ibu t ion  over t he  f l a r e  a t  zero angle of a t tack .  
These propert ies  f o r  a r e a l  gas i n  equilibrium flow can be computed by the  numer- 
i c a l  procedure described i n  reference 4 .  This method of flow-field construction 
i s  based on a known bow-shock-wave p r o f i l e  and assumes a r ad ia l  pressure d i s t r i -  
bution mathematically similar t o  the blast-wave pressure d is t r ibu t ion  between the  
body surface and the  shock wave. To estimate the  s t a t i c  s t a b i l i t y ,  therefore ,  
it w a s  necessary t o  construct an approximate bow shock wave. 

The estimated shock wave f o r  t he  pointed f la re -s tab i l ized  body was con- 
s t ructed i n  t h e  following way: The computed conical shock wave over t he  nose 
w a s  extended t o  t h e  f i rs t  point of in te rac t ion  between the  shock wave and t h e  
expansion fan emanating from the  cone-cylinder junction. 
of t h e  wave w a s  assumed t o  be 
The coeff ic ient ,  K, w a s  taken t o  be 0.63 from an extrapolation of t he  shock-wave 
da ta  i n  f igure  14 of reference 5 .  
wave segments appear as in te rsec t ing  s t r a igh t  l i n e s .  I n  order t o  make t h e  shock- 
wave slope continuous a t  a l l  points,  a t r a n s i t i o n  section, described ana ly t ica l ly  
by a c i r cu la r  arc  i n  the  
ment and t h e  downstream segment. 

Far downstream t h e  form 
r/d = K(x/d)lI2, a s  specified by blast-wave theory. 

I n  logarithmic coordinates these two shock- 

log( r /d) ,  log(x/d) plane, joined the  nose-region seg- 
After t h e  t e s t s ,  t h e  ac tua l  shock wave w a s  
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measured and another estimate of s t a t i c  s t a b i l i t y  w a s  computed based on t h e  t rue  
shock wave. The constructed shock wave i s  compared with the  experimental shock 
wave i n  f igure  2 .  

The zero angle-of-attack pressure d is t r ibu t ions  over t h e  cylinder,  computed 
by t h e  procedure outlined i n  reference 4, a re  shown i n  f igure  3.  
t h i s  f igure  i s  the  pressure d i s t r ibu t ion  f o r  t he  blunt-nosed body, which was 
calculated from an experimental shock wave during the  previous program. Although 
t h e  pressure d i s t r ibu t ion  f o r  t he  pointed body i s  unusual i n  t h a t  it shows a s ta-  
t i o n  of m a x i m u m  surface pressure about one diameter behind t h e  cone base, it does 
f a i r  i n  smoothly with t h e  pressure j u s t  downstream of t h e  nose-cylinder junction 
found by expanding the  cone flow ( r e f .  6) onto the  cylinder,  and, fur ther ,  it 
comes i n t o  agreement with t h e  pressure f o r  t h e  blunt-nosed body f a r t h e r  down- 
stream where the  e f f ec t s  of de ta i led  differences i n  nose shape have diminished. 

Also sho-m i n  

The computed dynamic-pressure d is t r ibu t ions  incident on t h e  f l a r e  at zero 
angle of a t tack  f o r  both t h e  blunt-  and pointed-nosed bodies a re  shown i n  Yig- 
ure 4. The much higher dynamic-pressure r a t i o  over t he  f l a r e  surface f o r  t he  
pointed body i s  immediately apparent. With the  dynamic pressure higher by t h i s  
amount , t h e  normal force on t h e  f l a r e  of t h e  pointed body w i l l  be approximately 
2-1/2 times t h a t  f o r  t h e  blunt-nosed body according t o  references 1 and 3. 

Figure 5 shows t h e  computed d i s t r ibu t ion  of t he  incremental nomal-force- 
curve slope along t h e  model axis f o r  both t h e  pointed- and blunt-nosed bodies. 
The normal force of t h e  pointed body i s  appreciably higher than t h a t  of t h e  blunt 
body and i s  d is t r ibu ted  i n  a way t o  give a more rearward posi t ion of t he  center  
of pressure.  The s t a t i c  s t a b i l i t y  of t h e  pointed body 
i t y  shown i n  f igure  l ( a )  i s  computed t o  be about th ree  
body. 

The simpler shapes of t h e  s e r i e s  of conical 
configurations lend themselves t o  l e s s  compli- 

r e s u l t s  f o r  these models were obtained by use of 
modified Newtonian impact theory, t he  Av = cc 
method, and, f o r  t h e  sharp cone, conical flow 

c omput ed theory ( r e f .  6) . The values of 
by impact theory were more than twice those com- 
puted by t h e  Lv = a, method f o r  all t he  cones. 

cated theo re t i ca l  analysis .  The theo re t i ca l  Q 

cmai 

about t h e  center of grav- 
times t h a t  of t h e  blunt  

X 

0 

Data Reduction 

The method of data  presentat ion used i n  P 
t h i s  report  follows t h e  development presented 
i n  reference 7 and fu r the r  discussed i n  re fer -  
ence 8 .  I n  t h i s  method t h e  s t a t i c  s t a b i l i t y  
i s  deduced f romthe  measured wave length of 
o sc i l l a t ion ,  A, ( see  sketch ( a ) )  by means of 
t h e  following re la t ion ,  I1 = ( 1/A2) ( I / p A s )  . Sketch (a)  
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It has been shown i n  reference 8 tha t  I? 
describes the  s t a b i l i t y  of a vehicle i n  f r e e  f l i g h t .  This method of da t a  presen- 
t a t i o n  permits analysis  of nonlinear pi tching moments when I? i s  p lo t t ed  versus 
the  amplitude of o sc i l l a t ion  i n  the  form (oo2 + 0 ~ 2 ) .  

cases, t h e  methods of references 9, 10, and 11 can be applied, under su i t ab le  
r e s t r i c t ions ,  t o  define the  pitching-moment curve. 

i s  a convenient parameter which 

For complex nonlinear 

In  t h i s  repor t ,  whenever a complex nonlinear case was indicated,  t h e  method 
of reference 11, as discussed i n  the  appendix of reference 8, w a s  used. This 
method w a s  developed on the  asswrrption of planar  pi tching motion and f o r  very 
near ly  s inusoidal  o sc i l l a t ions .  Although t h e  present t e s t s  did not d i sp lay  t r u l y  
planar p i tch ing  motion, they did f a l l  within t h e  empirically defined l i m i t s  of 
planar motion given i n  reference 10 as  reasonably planar motion with oo/om 2 l / 3 .  
The analysis  of reference 11 i s  approximate, bu t  can, nevertheless, be applied t o  
cases i n  which t h e  pi tching moment i s  represented t o  any degree i n  odd powers of 
a ,  Furthermore, t he  solution i s  easy t o  apply and has been found t o  give r e l i a -  
b l e  answers. 

RESULTS AND DISCUSSION 

Flare- S t a b i l i  zed Models 

The experimental data  for these models i n  terms of r vs .  (oo2 + om2) a re  
shown i n  f igu re  6 .  
of t h e  blunt-nosed model. 
The da ta  f o r  t h e  pointed body l i e  above the  blunt-body data, pa r t i cu la r ly  a t  
small angles of a t tack .  However, considerable s c a t t e r  i s  apparent i n  t h e  
pointed-body data ,  especial ly  i n  t he  case of t h e  smallest pi tching amplitude run, 
run 976. 
stream Reynolds number of 1.34 mill ion,  based on cylinder diameter. 
t i o n  of t h e  shadowgraph record f o r  t h i s  t e s t  indicated the  boundary layer  was 
laminar and t h e  flow separated over most of t h e  cylinder,  even near zero angle of 
a t tack .  
increases the  s t ab i l i z ing  e f fec t  of t h e  f l a r e .  However, an evaluation of t h e  
theo re t i ca l  methods described above and a va l id  comparison with t h e  blunt-nosed 
body could be made only fo r  attached flow. An e f f o r t  w a s ,  therefore ,  made t o  
eliminate the  separation by increasing the  free-stream Reynolds number f o r  a l l  
subsequent t e s t s  t o  the  maximum a t ta inable  at t h i s  model scale and veloci ty ,  
approximately 2 .3  mil l ion based on body diameter. This increase i n  Reynolds 
nuxber reduced the  amount of separation a t  zero angle of a t tack,  but  did not 
noticeably a l t e r  t h e  separation pa t t e rn  a t  angles of a t tack  above 3' or 4'. 

The reference dimension used t o  calculate  was t h e  length 
The blunt-body da ta  a re  reproduced from reference 2 .  

The f i r s t  pointed-body t e s t  (run 965 i n  t a b l e  I) w a s  made a t  a free-  
An examina- 

It has been shown i n  reference 12 t h a t  a separated boundary layer  

Because increasing the  Reynolds number did not eliminate flow separation, an 
addi t iona l  s tep  was taken. 
more d i f f i c u l t  t o  separate than a laminar one. Therefore, the  models were modi- 
f i e d  t o  i n i t i a t e  turbulence i n  the  boundary layer  a t  t h e  cone-cylinder junction. 
Sketch (b)  shows t h e  boundary-layer t r i p  used t o  promote turbulence. 
sidered t h a t  v o r t i c i e s  formed by the  f l o w  passing through the  s l o t s  on t h e  nose 
should tend t o  t r i p  the  boundary layer .  Although t h e  modification t o  t h e  

It i s  wel l  known t h a t  a turbulent boundary layer  i s  

It w a s  con- 
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cy l ind r i ca l  portion of t h e  model probably had a s l igh t  des tab i l iz ing  e f f ec t  on 
over-all missile s t a b i l i t y ,  t h e  amount w a s  estimated t o  be s m a l l  and, hence, w a s  
disregarded. 

,076" 

Sketch ( b )  

Two modified models were t e s t ed  and the  data  a re  shown by the  f i l l e d  symbols 

Also the  record shows t h a t  boundary-layer sep- 
i n  f igure  6 .  
t e s t  models w a s  indeed turbulen t .  
a r a t ion  did not occur on t h e  low amplitude t e s t  (am = 3 -1') but  did occur on the  
high angle-of-attack t e s t  (om = 11.5') a t  angles of a t tack  of 70 and grea te r .  
The low amplitude t e s t  provides a good measure of t h e  i n i t i a l  ( 0  = 0) s t a b i l i t y  
with attached flow. 

The shadowgraph records indicate  t h a t  t h e  boundary layer  on these 

The theo re t i ca l  estimates of ri are  a l so  shown i n  f igure  6 .  The estimate 
of 
lower than t h e  indicated value of 
It w a s  found i n  reference 2 t h a t  t he  theory a l so  underestimated the  s t a b i l i t y  of 
t h e  blunt-nosed configuration, as indicated i n  f igure  6 .  

ri, computed from t h e  experimental shock-wave shape, i s  about 25 percent 
ri f o r  t h e  attached-flow experimental da t a .  

The pitching-moment curves corresponding t o  t h e  experimental data  and 
theo re t i ca l  estimates shown i n  f igure  6 a re  presented i n  f igure  7.  
of t h e  s t a b i l i t y  of blunt-  and pointed-nosed bodies with attached flow i s  shown 
i n  f igure  7 ( a ) .  
e a r l i e r .  I f  t h e  flow i s  attached at low angles of a t tack ,  t h e  e f fec t  of t h e  
pointed nose i s  t o  increase t h e  s t a b i l i t y  and eliminate the  nonl inear i ty  of t h e  
pitching-moment curve. However, t he  boundary layer  i s  more l i k e l y  t o  separate i f  
t h e  nose i s  pointed.  The e f f ec t  of separation on t h e  s t a b i l i t y  of t he  pointed- 
nosed body i s  shown i n  f igure  7 ( b ) .  Boundary-layer separation i n  t h i s  case has 
two e f f ec t s  on t h e  s t a t i c  s t a b i l i t y :  (1) i n  the  low amplitude region the  sta- 
b i l i t y  i s  markedly increased, and (2) the  pi tching moment becomes a highly non- 
l i n e a r  function of angle of a t tack .  

A comparison 

The blunt-body data  and analyses a re  from reference 2, as noted 

Conical Models 

The experimental measurements f o r  t he  se r i e s  of conical models are  
summarized i n  t ab le  I(b). Figure 8 shows the  r e s u l t s  f o r  t h e  sphere cone w i t h  
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both locat ions of the center of gravi ty .  The s t a b i l i t y  parameter, r ,  i s  plotted 
against  (u02 + Omz) i n  f igure 8 ( a ) .  The curve f o r  t he  models w i t h  the  forward 
center of gravi ty  i s  i n  doubt a t  values of (oO2 + om2) l e s s  than l5O because of 
the  lack of da ta  a t  small angles of a t t ack .  Therefore, two f a i r ings  a re  shown; 
they w i l l  be discussed l a t e r .  

Included i n  the  f igure are  the  values of I' a t  zero angle of a t tack  
calculated by the  Av = a method and by mod-ified Newtonian impact theory.  The 
i n i t i a l  s t a b i l i t y  calculated by the  
the  experimental data; whereas, t he  impact theory predic t s  an i n i t i a l  s t a b i l i t y  
2 . 5  times greater  than measured. 

Av = a, method agrees within 20 percent with 

The pitching-moment curves deduced from these experimental data  a re  shown i n  
f igure  8(b) along with the  curves calculated by use of Newtonian theory and the  
i n i t i a l  slopes calculated by the  Av = a method. A t  low angles o f  a t tack ,  t h e  
pi tching moment agrees with t h a t  predicted by the  Av = a method; however, t he  
pitching-moment curve i s  highly nonlinear and agrees w i t h  Newtonian theory at 
angles of a t tack  greater  than the  half-angle of the  cone. 

The center-of-pressure location calculated from the  pitching-moment curves 
f o r  t h e  t w o  center-of-gravity locat ions i s  shown i n  f igure 8 ( c ) .  
was obtained with the  use of t he  so l id  curves i n  f igure  8(a) .  
ing t h e  upper curve i n  f igure 8(a)  t o  t h e  posi t ion indicated by t h e  dashed curve 
i s  shown by t h e  dashed curve i n  f igure  8 ( c ) .  This uncertainty i n  t h e  center-of- 
pressure pos i t ion  a t  low angles of a t tack ,  a consequence of the  lack of data  i n  
t h i s  region f o r  t h e  models with the  forward center of gravity,  has l i t t l e  e f f ec t  
on t h e  pitching-moment curve ( f i g .  8 ( b ) )  . 

The so l id  curve 
The e f f ec t  of mov- 

The data  f o r  t h e  45O ogive cone, t h e  200 ogive cone, and t h e  sharp cone 
showed no var ia t ion  of t he  s t a b i l i t y  parameter with (oo2 + om2) t o  values of 
about 300. 
given center of gravi ty  and w a s  p lo t t ed  versus center-of-gravity locat ion 
( f i g .  9) t o  determine the  normal-force-curve slope and the  center-of-pressure 
locat ion ( f i g .  10). These data  a re  shown along with the  curves calculated by use 
of modified Newtonian impact theory, t h e  Av = a method, and conical-flow theory. 
The previously discussed center-of-pressure location f o r  t he  sphere-cone config- 
urat ion a t  
included i n  f igure  10. The nose-tangent angle i s  used as the  independent va r i -  
able  f o r  c l a r i t y  i n  presenting the  da ta .  
configurations form a family of shapes with varying nose radius of curvature from 
i n f i n i t y  for t h e  sharp cone t o  O.25d f o r  t h e  sphere cone. The symbols i n  f i g -  
ure 10 are t h e  r e s u l t s  of f a i r i n g  bes t  f i t t i n g  l i n e s  t o  the  data  of f i gu re  9 .  
The symbols a re  barred t o  show t h e  possible  extreme l i m i t s  of t h e  values as  a 
r e s u l t  of the  sca t t e r  i n  the  data  of f igure  9 .  Figure l O ( a )  shows t h a t  i s  
not wel l  defined by t h e  data  but i s  generally smaller than predicted,  except for 
t he  sphere-cone and the  45O ogive-cone configurations where the  r e s u l t s  of t h e  
Av = a method agree with the  experimental r e su l t s .  Figure 10(b) shows the  
center of pressure of the  sharp cone and t h e  ogive cones t o  be f a r t h e r  af t  than 
predicted.  
between t h e  locat ions predicted by Newtonian theory and the  

Therefore, t he  pitching-moment-curve slope, Cm, i s  constant f o r  a 

a = 0, and the  corresponding normal-force-curve slope, CNa, are  

A s  can be seen i n  f igure  l ( b ) ,  these 

The center of pressure of t h e  sphere cone a t  zero angle of a t tack  i s  
Av = a method. 
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Figures 9 and 10 indicate  t h a t  t h e  Av = a method i s  not r e l i ab le  f o r  t he  
bodies with pointed t i p s  whereas the  modified Newtonian theory i s  reasonably 
accurate f o r  such shapes.l  

If we consider t h e  nose radius of the  spherical ly  t ipped cone as being 
progressively reduced toward zero, then another method of t r ans i t i on  between the  
present blunt-nosed and pure cone configurations i s  described. 
t he  relat ionship of experiment t o  theory i n  such a case, the  s l i g h t l y  blunted 
cone shown i n  f igure  11 (rN/d = 0.062) w a s  t e s t ed  with one center-of-gravity 
loca t ion .  
of r calculated by t h e  Av = a method and by use of modified Newtonian impact 
theory.  The data  show a higher i n i t i a l  s t a b i l i t y  than predicted by e i t h e r  
method. Figure l l ( b )  shows t h e  pitching-moment curve along with the  curve calcu- 
l a t ed  by use of modified Newtonian theory and the  i n i t i a l  slope calculated by the  
Av = a method. Modified Newtonian theory underestimates the  pitching-moment 
coef f ic ien t  by about 30 percent a t  the  low angles of a t tack  and about 10 percent 
a t  angles of a t tack  grea te r  than the  cone half-angle.  The i n i t i a l  slope pre- 
d ic ted  by t h e  Av = cc method i s  about one-third of t h e  experimental value.  

To invest igate  

Figure 11( a) shows the  s t a b i l i t y  parameter along with i n i t i a l  values 

To show t h e  e f f ec t  of bluntness on s t a b i l i t y  f o r  t h e  family of spherical-  
t ipped l2.To cones, t he  i n i t i a l  pitching-moment-curve slopes for a center-of- 
grav i ty  locat ion of 0.89 diameter forward from the  base a r e  p lo t t ed  versus t h e  
r a t i o  of nose-to-base radius i n  f igure  12. The value of Cmi f o r  t he  
50-percent blunt  sphere cone a t  t h i s  sh i f ted  center-of-gravity locat ion w a s  
calculated from the  experimental normal-force-curve slope and center-of-pressure 
loca t ion .  The data  ind ica te  t h a t  there  i s  an optimum bluntness f o r  m a x i m u m  sta- 
b i l i t y  between the  sharp cone and the  50-percent blunt sphere cone. Included i n  
f igure  12 a r e  t h e  curves obtained by the  Av = a method and modified Newtonian 
impact theory as well  a s  t he  value predicted by conical flow theory.  It can be 
seen t h a t  conical flow theory predic t s  t h e  s t a b i l i t y  of t he  sharp cone very sat- 
i s f a c t o r i l y  f o r  t h i s  center of gravi ty .  Newtonian theory predic t s  increasing 
s t a b i l i t y  with increasing bluntness and becomes inaccurate f o r  t h i s  c l a s s  of 
bodies as t h e  bluntness i s  increased. The Av = a method i s  inaccurate for 
pointed and s l i g h t l y  blunted cones and appears t o  be useful  only for blunt-nosed 
slender bodies whose length i s  l imited t o  a few nose diameters. 

It i s  in t e re s t ing  t o  note t h a t  f o r  both t h e  f l a r e - s t ab i l i zed  and the  conical 
configurations,  t he  pitching-moment curve i s  highly nonlinear for t he  models with 
b lunt  noses, and the nonl inear i ty  decreases with decreasing nose bluntness .  
Also ,  f o r  both configurations, the  i n i t i a l  s t a b i l i t y  i s  increased when t h e  blunt  
nose i s  replaced with a weightless pointed f a i r i n g .  

Drag coef f ic ien ts  were a l so  obtained f o r  a l l  of t h e  conical models t e s t ed ,  
and the  r e s u l t s  are  summarized i n  f igure  13. 
a function of t h e  mean-squared angle of a t tack .  
t h e  drag i s  t h e  same f o r  t h e  sharp cone, t he  20° ogive cone, and the  12.5-percent 
b lunt  sphere cone. 

In  f igure  l3 (a)  , CD i s  shown as  
Within the  sca t t e r  of t h e  da ta ,  

- 
'L i t t l e  t heo re t i ca l  j u s t i f i ca t ion  can be found f o r  applying t h e  Av = a 

method t o  pointed-nosed bodies.  In  the  case of spherical-nosed bodies, however, 
t heo re t i ca l  reasons ex i s t  why the  method should be va l id  t o  a distance of a few 
nose diameters behind the  blunt  nose. 
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Cross p l o t s  of t h e  drag coeff ic ients  a t  zero angle of atta.ck, C D ~ ,  axe 
shown i n  f igures  13(b) and ( e )  along with t h e  wave-drag coef f ic ien ts  predicted 
by modified Newtonian impact theory and conical fl0i.r theory. 
drag of t he  50-percent blunt sphere cone and the  4 5 O  ogive cone agrees 3Tith the  
values of wave drag predicted by impact theory. 
t he  experimental and theo re t i ca l  values fo r  t h e  more pointed models i s  somewha,t 
surpr is ing.  
higher than predicted by conical flow theory. Estimates show t h a t  skin f r i c t i o n  
and base drag could account f o r  a m a x i m u m  of about 13 percent of t h i s  difference.  
The shock-wave angle measured from t h e  shadowgraphs agrees with t h e  value pre- 
dicted by conical flow theory. The t e s t  conditions were not i n  t h e  region where 
viscous in te rac t ion  e f f ec t s  a r e  important (according t o  exis t ing theory) and t h e  
m a x i m u m  possible induced pressure drag could account f o r  only 2 percent of t h e  
difference.  

The measured tota.1 

The s izable  disagreement between 

For t he  sharp cone, t h e  measured t o t a l  drag i s  about 37 percent 

Another possible  explanation f o r  t he  high measured drag of t h e  pointed 
models i s  the  poss ib i l i t y  of model damage. The models were b imeta l l ic  and under- 
went high acceleration loads during launch. The bow shock wave w a s  SO close t o  
t h e  body t h a t  t he  shadowgraphs could not reveal disturbances which would r e s u l t  
f r o m  deformations i n  the  model. Estimates show t h a t  t he  s t r e s s  a t  t h e  jo in t  f o r  
t h e  s h a q  cone and the  12.5-percent blunt cone could have been equal t o  the  com- 
pressive strength.  However, f o r  t he  20° ogive cone the  s t r e s s  a t  t h e  jo in t  could 
not have been over 55 percent of t h e  compressive strength and these  models exhib- 
i t e d  the  same high drag as t h e  sharp cone. This would suggest t h a t  model damage 
i s  not t he  cause of the  discrepancy. 

CONCLUSIONS 

The ef fec t  o f  nose shape on t h e  s t a t i c  s t a b i l i t y  of slender en t ry  vehicles 
a t  hy-personic speed has been investigated, for f la re -s tab i l ized  configurations 
and for a s e r i e s  of' conical configurations. On t h e  bas i s  of t he  r e s u l t s  pre- 
sented herein, t he  following conclusions can be drawn. 

1. For both the  f la re -s tab i l ized  bodies and the  slender conica lbodies ,  
t h e  i n i t i a l  s t a b i l i t y  i s  increased when the blunt nose i s  replaced with a weight- 
l e s s  pointed f a i r ing .  

2 .  
bodies, and t he  nonl inear i t ies  decrease with decreasing nose bluntness .  

The pitching-moment curves are  highly nonlinear f o r  t h e  blunt-nosed 

3 .  For t h e  f la re -s tab i l ized  bodies, predictions by the  method of re fer -  
ence 1 indicate  t h e  correct t rend of change i n  i n i t i a l  s t a b i l i t y  with nose blunt- 
ness .  

4. On f l a re - s t ab i l i zed  vehicles,  t h e  boundary layer  i s  more l i k e l y  t o  
separate i f  t he  nose i s  sharp. I f  separation occws,  t h e  s t a b i l i t y  increases 
markedly and t h e  pitching-moment curve becomes highly nonlinear.  

10 



5. For spherical ly  t ipped cones, t he  maximum i n i t i a l  s t a b i l i t y  occurs with 
an intermediate bluntness between t h e  sharp cone and t h e  50-percent blunt  sphere 
cone; whereas, modified Newtonian inrpact theory predic t s  ( incorrect ly)  a uniform 
t rend  of increasing s t a b i l i t y  w i t h  increasing bluntness.  The Av = CG method 
apparently should be r e s t r i c t e d  to blunt-nosed bodies whose length i s  l imited t o  
a few nose diameters. 

Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field,  Cal i f . ,  June 25, 1963 
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TABLE I.- TEST CONDITIONS, MODEL MEASUREMENTS, AND TEST RFSULTS 

(a) Flare-stabilized models 

RUn 
no. 

Rx10-6 
M based on 

d 
v, p~103,  ~ 0 3 ,  1x107, A, 00,  om, 

ft/sec slugs/ft3 slug slug-ft2 f t / c y c l e  deg deg 

965 
975 
976 
103 7 
1038 
1042 
1045 
1047 
1055 
1056 

448 16.0 1.38 10730 0.902 
450 14.4 1.25 9670 . go6 
546 14.9 2.12 10220 1 515 

14.8 
15.2 
15.2 

15.0 
15 .o 

14.6 

14.3 
14.1 

14.9 
14.7 

0.366 2.340 50.8 1.3 5.4 
,366 2.350 29.5 1.0 18.4 
.368 2.350 27.7 1 - 3  13.9 

1.34 
2 -33 
2.32 
2.07 
2.13 
2.18 
2.18 
2 -18 
2.22 
2.14 

-335 2.790 
,328 2.690 
,330 2.740 
,323 2.631 
.329 2.761 
.327 2.720 
,328 2.721 
.322 2.665 
,313 2.606 
,312 2.601 

9860 
10190 
10140 
9700 
9560 
10150 
10190 
10080 
9990 
9950 

32.2 .? 4.8 
27.8 ‘7 6.3 
28 .o e 7  1*5 
28.7 - 3  8.5 
30.3 0 11.5 
30.8 1.4 9.8 
25.0 1.0 4.7 
23.6 ‘7 2.3 
31.3 .2 11.5 
30.8 .6 3.1 

939 
1 * 595 
1 * 593 
1 538 
1 596 
1 543 
1 530 
1 533 
1 572 
1.528 



TABLE I.- TEST CONDITIONS, MODEL MEASUREMICNTS, AND TEST RESULTS - Continued 

(b)  Conical models 

RUn 
no. 

v, p~103,  MLO~, m o 7 ,  A, 00 , om , m10-6 
based d On f t / s e c  slugs/ft3 slug s lug-f t2  f t / cyc le  deg deg 

Sphere cone, xcg/d = 0.613 

LO13 
~ 0 1 4  
~018 

LO51 
1024 

- 
929 
931 
93 4 
947 
948 
961 
989 
990 

1012 
~ 0 1 5  
1032 
~ 0 6 4  

15.9 2.48 10700 - 945 .312 
16.6 2.60 11220 .942 .291 
16.4 2.52 11110 * 929 .292 

15.7 2.45 10670 .948 .320 
15.9 2.44 10840 931 .304 

17 .1  
13.0 
17.3 
17 .5  
17.6 
17.2 

17.8 
16.7 
17 .7  
17.6 
16.0 

17.4 

.503 

.484 
*505 
.?Oh 
.520 

2-59  
2.65 
2.57 
2.75 
2.80 
2.68 
2.79 

2.63 
2.83 
2.69 
2.18 

2.74 

15.4 
16.6 
15.7 
15.4 
17.2 

11610 
12320 
11880 
11790 
11800 
11520 
11680 
12010 
11180 
11840 
11950 
11180 

.6 

.3 

.2 

.4 

.1 

0.922 
.899 
* 907 
.942 
955 

,929 
952 

* 919 
.946 
* 957 
- 927 
.851 

18.3 
12.9 
17.5 
21.3 
12.5 

0.361 
.358 
.358 
-357 
* 357 
.364 
a355 
-353 
354 
358 

* 359 
' 352 -- 

932 17 .2  4.39 11530 
936 17.9 2.76 12080 
938 18.0 2.76 12240 
940 18.2 2.83 12340 

Sphere cone, xcg/d = 

1 * 539 ,275 .856 19.3 1 . 5  17 .6  
* 932 .283 .goo 26.1 - 3  8 . 6  
.936 .272 ,874 25.2 .7  15.6 
,942 .272 .874 25.7 2 .3  11.2 

~ 0 2 3  17 .2  2.67 11570 - 939 ,217 
1027 16.7 2.47 11420 ,908 .226 
1029 16 .7  2.52 113 50 .924 .232 
 LO^ 16.2 2.32 11290 .886 .239 
~ 0 5 8  16.4 2.40 11330 .911 .239 

0.807 
- 792 
' 796 
.810 
.814 
.825 
* 789 
.790 
,807 
.817 
.821 
.761 

I. 522 

.?go 

.595 

.604 
,616 
.616 

23 - 3  
29.8 
28.9 
25.5 
22.7 
27.2 
33.5 
27.7 
23 a3 
25.7 
23.6 
23.8 

3 . 9  
1.1 
.2 
* 3  

3 . 3  
- 3  
- 7  

1.1 
2.6  

.3 
1 . 5  
6 

16.6 
6 - 5  
6 .9  
9 .5  

16.3 
8 .9  
3 - 5  
8 .2  

13.5 
10 .1  
13.4 

12 0 
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TABU3 I.- TEST CONDITIONSy MODEL MEASUREMENTS, AND TEST RESULTS - Concluded 

(b) Conical models - Concluded 

1033 
1034 

3 
P X l O  y 

slugs/f t3  

17.5 2.64 11780 0.907 0.221 0.804 3 1 s  1.5k.5 8.5k.5 
17.8 2.68 12160 .918 .222 ,879 32.2 .6 5.0 

m103, 1x10~ 
slug lslug-f+ 

1016 

1030 
1019 

20' tangent ogive cone, xcg/d = 1.282 

17.3 2.70 11650 .939 .295 1.175 24.5 

17.2 2.60 11740 .918 .293 1.174 24.0 
16.4 2.52 11120 .926 .292 1.181 25.0 

1022 
1025 
1028 
1053 
1054 

16.2 2.52 10920 * 939 .254 .875 16.8 6.4 13.0 

16.7 2.52 11420 * 919 ,262 .940 18.0 1.0 11.3 
16.4 2.50 11150 .926 .259 .940 18.3 .4 10.3 

16.5 2.48 11280 * 917 .269 .913 18.0 3.6 15.5 
16.8 2.64 11310 * 949 ,262 ,913 17.6 - 3  .17.0 

939 
958 
959 
988 
991 
994 
1050 

1.371 
1.305 
1.260 
1.305 

17.2 
17.8 
17 *5 
17.9 
17.8 
17.6 
16.9 

22.2 1.1 6.1 
22.7 1.3 6.6 
24.6 1.4 19.4 
24.8 1.1 13.2 

2.62 
2.71 
2.62 
2.77 
2-77 
2 -82 
2-55 

11710 
12020 
11870 
12070 
12020 
11810 
11490 

' 925 
* 925 
* 913 
.934 
935 - 952 
.918 

.300 

.296 
- 297 
.300 
.301 
.301 
* 299 

2.2 
.8 

2.1 

13 .o  
9.3 
5.6 

1.378 
1 - 335 
1.360 
1.334 
1.382 
1.356 
1.367 

25.6 
25.2 
25.9 
24.8 
25.2 
24.7 
25.4 

1.4 
1.7 
*5 
.6 

1.5 
1.2 
.2 

11.6 
7.6 
7.3 
13.8 
9 *2 
6.4 
7.8 
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1- 4.47 d p i  
3.98 d 

1- 2.39 d 

(a )  F lare -stabi l ized models, d = 0.258 inch. 

* 2.255 d 

1.992 d 
e 1.600 d 

1- 1.351 d - 

6.668d 
( r a d . )  

(b )  Conical models, d = 0.450 inch. 

Figure 1.- Sketches of models. 
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Figure 5. - Distribution of computed incremental normal-force-curve slope. 
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Figure 8 . -  S t a b i l i t y  da t a  of sphere-cone configuration a t  M = 17. 
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Figure 8 . -  Concluded. 
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Figure 9.- S t a b i l i t y  data of sharp-cone and ogive-cone configurations at M = 17. 
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Figure 10.- Comparison of experimental and theoretical results of conical 
configurations at M = 17. 
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Figure 11.- S t a b i l i t y  da ta  of 12.5-percent b lunt  sphere-cone a t  M = 17. 
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Figure 11.- Concluded. 



-1.0 

7 0  

- -6 

-. 2 

0 
0 

M o d i f i e d  Newton ian  t h e o r y  

--- Av= (I m e t h o d  

X C o n i c a l  f l o w  t h e o r y  

1 

.2 

- ‘N 
‘b 

.3 .4 .5 

Figure 12.- Effect of bluntness on s t a b i l i t y  of sphere-cone with xCg/d = 0.89 
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Figure 13.- Drag data of conical configurations a t  M = 17. 
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(c) E f f e c t  o f  bluntness of  sphere-cone on drag. 

Figure 13. - Concluded. 
NASA-Langley, 1963 A-679 




